An e‹cient transformation system for the basidiomycete Coriolus hirsutus was developed. A doubleauxotrophic mutant of C. hirsutus, deˆcient both in ornithine carbamoyltransferase (OCTase) and 3-isopropylmalate dehydrogenase (3-IPM dehydrogenase), was transformed to Arg ＋ with each allelic type of the C. hirsutus genomic OCTase gene (arg1) newly cloned. The transformation frequency of 10 3 -10 4 transformants per mg DNA per 10 6 -10 7 oidial protoplasts was reached. Southern blots showed that the transforming DNA was integrated into chromosomal DNA with multi-copies. The Arg ＋ phenotype of the transformants was stably inherited through mitosis.
White-rot fungi are the only known organisms that are capable of completely degrading lignin to CO2 and H 2 O. 1) A white-rot basidiomycetes, C. hirsutus, secretes a series of ligninolytic enzymes, phenoloxidase, [2] [3] [4] lignin peroxidase, 4) and manganese peroxidase (Kawai et al. unpublished results). To investigate the role of these ligninolytic enzymes and the regulatory mechanism controlling their production, we have analyzed the genetic and molecular features of the white-rot basidiomycete C. hirsutus.
Two cDNAs and two genomic DNAs coding for the allelic forms of the phenoloxidase of C. hirsutus have been isolated and characterized. 5 ) Furthermore, we cloned and characterized several lignin peroxidase and manganese peroxidase genes from C. hirsutus (Tsukamoto et al. unpublished result). C. hirsutus phenoloxidase cDNAs were expressed in Saccharomyces cerevisiae, 5) which is theˆrst report of the production of ligninolytic enzymes in a heterologous eukaryote and their secretion in the active form. The heterologous expression of the two peroxidases of Phanerochaete chrysosporium, lignin peroxidase H8 6) and manganese peroxidase H4, 7) has been demonstrated in an active form using the baculovirus-insect expression system, however, this system suŠers from high production costs and low yields. On the other hand, the heterologous microbial expression of lignin peroxidase in an active form is still unsuccessful. Saloheimo et al. 8) reported that the lignin peroxidase cDNA of Phlebia radiata was expressed in Trichoderma reesei at the mRNA level but no lignin peroxidase was detected. Though the production of MnP using the expression system of Aspergillus oryzae was secreted for the active form, it is low for an industrial enzyme. 9) The development of a DNA-mediated transformation system for C. hirsutus will be of signiˆcant value in elucidating the regulatory mechanisms controlling production of the ligninolytic enzymes and the genetic approach to structure-function studies of these enzymes. Furthermore, the transformant which strengthened lignin-degrading activity by gene recombination will be eŠective for the removal of the environmental pollutant.
However, auxotrophic complementation of whiterot fungi has been developed for several species, Schizophyllum commune, 10) Coprinus cinereus, 11) P. chrysosporium, 12) and Pleurotus ostreatus. 13) A prerequisite for molecular genetic research inˆlamentous fungi is the availability of a gene-transfer system comprising a selectable marker and a transformation procedure for introduction of DNA into the fungus. However, the absence of a suitable genetically marked strain and selectable marker for C. hirsutus has hindered the development of the transformation system.
In this paper we report an e‹cient transformation system of C. hirsutus with the isolated C. hirsutus genomic OCTase genes (arg1). The putative C. hirsutus arg1 gene was found to be the genuine OCTase gene in this complementation experiment.
Materials and Methods
C. hirsutus strains and media. A wild-type dikaryotic strain of C. hirsutus Que'let (IFO 4917) was obtained from the culture collection of the Institute for Fermentation, Osaka, Japan. The sibmonokaryotic strains of C. hirsutus used in this study were: OJ1005 (wild type, A1B2), OJ1011 (wild type, A2B1), OJ1043 (Arg -, A1B2), OJ1065 (Arg -, Leu -, A1B2), OJ1134 (Arg -, Leu -, A2B1). Vegetative cultures were kept on slants of potato-dextrose (PD) medium. The minimal medium (MM), pH 5.6, containing per liter 20 g glucose, 1.5 g (NH4)2HPO4, 1 g K 2 HPO 4 , 0.5 g KH 2 PO 4 , 0.5 g MgSO 4 ･7H 2 O, and 0.12 mg thiamine･HCl. For the complete media, the SMY medium, pH 5.6, containing per liter 10 g sucrose, 10 g malt extract, and 4 g yeast extract, and the GP medium, pH 5.0, containing per liter 30 g glucose, 10 g peptone, 1.5 g KH 2 PO 4 , 0.5 g MgSO 4 ･ 7H2O, and 2 mg thiamine･HCl were used.
Formation of basidiospores and oidia. A normal fruit body of C. hirsutus was formed in a solid medium containing 20 g of thermomechanical pulp of radiata pine ( Pinus radiata) supplemented with 130 ml of PD medium per 1,000 ml in an Erlenmyer ‰ask for eight weeks. Basidiospores were washed from gills with distilled water,ˆltered through 60-mm pore nylon cloth, diluted appropriately, and plated onto PD agar medium. Monokaryons were screened under the microscope for mononucleate and clamp-lacking mycelia. The mating-type of each monokaryon was identiˆed by confronting cultures between combinations of two monokaryons on an SMY plate.
For oidia formation, a monokaryon was incubated on 1.3z agar plates of MM supplemented with 1z casamino acids (Difco Laboratories, USA), pH 5.6, for 7-10 days at 289 C. Oidia were collected by rinsing the mycelial turf with distilled water,ˆltered through 60-mm pore nylon cloth and pelleted by centrifugation at 1,500×g for 10 min at room temperature. Up to 2×10 7 oidia per plate (90 mm in diameter) were harvested.
Isolation of auxotrophic mutants. The oidia (2× 10 6 cells W ml) in 2 ml of phosphate buŠer (10 mM, pH 7) were treated with 50 mg W ml of N-methyl-N?-nitro-N-nitrosoguanidine (NTG) at 289 C for 60 min with gentle stirring. The mutagenized oidia were washed three times with 10 ml of phosphate buŠer by centrifugation (1,500×g, 10 min), plated onto the MM agar, and incubated at 289 C. After 2 days of incubation, macroscopically visible colonies that grew on the MM agar plate were marked as prototrophs. Then 5 ml of molten soft agar (1z, kept at 489 C) of MM supplemented with 1z casamino acids was overlaid onto the MM agar plate and further incubated. Colonies that grew on the overlay of complete medium, but not on MM, were screened as auxotrophic mutants. To select amino-acid-requiring mutants, the auxotrophic mutants obtained wereˆrst tested for growth on MM supplemented with one of ve groups of amino acids, each at 500 mg W ml. Colonies formed on these media were then transferred onto plates of MM containing individual amino acids or amino acid precursors (500 mg W ml) to identify the speciˆc supplement required. Finally, a double-auxotrophic mutant (Arg -, Leu -) was screened, and used as the recipient strain in our transformation experiment.
RNA isolation, cDNA library construction. The mycelium was harvested from the dikaryotic culture of C. hirsutus after incubation at 289 C on a rotary shaker for 4 days in an arginine-free liquid minimum medium, pH 5.6, containing 20 g glucose and 6.7 g Yeast Nitrogen Base (without amino acids, Difco Lab., USA) for one liter of distilled water. Total RNA extraction, poly (A)
＋ RNA puriˆcation, and construction of a cDNA library of C. hirsutus were done as described by Kojima et al.
5)
Isolation of the C. hirsutus arg1 cDNA. Two oligonucleotide probes based on conserved regions of other OCTase (5?-
) were used for screening for OCTase cDNA from lgt10 cDNA library of C. hirsutus. Hybridization was in 6×SSC, 0.5z SDS, 5× Denhardt's solution, 1.5 mg W ml denatured salmon sperm DNA at 459 C; washings were done 3 times with 6×SSC and 0.1z SDS at 459 C, each for 30 min.
Isolation of the C. hirsutus arg1 gene. A genomic library of a partial Sau3AI genomic fragment of the C. hirsutus dikaryon strain IFO 4917 in the BamHI site of lEMBL3 was screened with a positive fragment of the OCTase cDNA as a probe.
Transforming DNA. Recombinant plasmids of pUCR1A and pUCR1B contain an allelic type of the genomic C. hirsutus OCTase gene on a 5.5-kbp Sal I fragment (arg1A) and a 7.5-kbp BamHI-Sal I fragment (arg1B ) cloned into the plasmid vector pUC18, respectively. Other plasmids were kindly provided; pSal43, 14) bearing the Aspergillus nidulans OCTase gene (argB ) by Prof. P. Weglenski; plasmid pKKA1, 15) bearing the Schizosaccharomyces pombe 3-IPM dehydrogenase gene (leu1) by Dr. Y. Kikuchi; plasmid YEp13, 16) bearing the S. cerevisiae 3-IPM dehydrogenase gene (leu2) by Prof. T. Oshima.
Transformation protocol. For the oidia protoplast preparation, an auxotrophic mutant was incubated on 1.3z agar plates of MM supplemented with 1z casamino acid, pH 5.6, for 7 days at 289 C. Auxotrophic oidia were collected by rinsing the mycelial turf with distilled water,ˆltered through 60-mm pore nylon cloth and pelleted by centrifugation at 1,500× g for 10 min at room temperature. Up to 2×10 7 oidia per plate (90 mm in diameter) were harvested. Oidia were washed with osmotic medium (OM: 0.5 M MgSO4 W 50 mM maleate buŠer, pH 5.5). Oidia were suspended in OM at the concentration of 4×10 7 and were treated with 10 mgW ml Yatalase (Takara Shuzo Co., Ltd., Japan) and 5 mgW ml Cellulase Onozuka R10 (Yakult Honsha, Japan) at 309 C with gentle shaking for 2-3 h. Protoplasts were pelleted by centrifugation and suspended in 1 M sorbitol W 20 mM MES buŠer (SM), pH 6.3, washed twice with SM buŠer. The protoplasts were then resuspended in SM supplemented with 25-75 mM CaCl 2 (SMC) to give 10 7 -10 8 cells W ml. All centrifugations were at 1,000×g for 5 min with swinging buckets at room temperature. The transformation procedure was based on that of S. commune.
17) The top agar was poured over plates containing MM, 0.5 M sucrose, and 1.5z agar. The number of viable protoplasts was estimated by plating dilutions on nonselective medium supplemented with both 500 mg W ml arginine and 500 mg W ml leucine. Plates were incubated at 289 C. Colonies were macroscopically visible on two-amino-acids supplemented plates in three days, whereas transformant coloniesˆrst appeared in about four days.
Analyses of DNA from transformants. The DNA from the wild-type, auxotrophic, and putative transformant strains was extracted as previously described 5) and digested, gel electrophoresed, and transferred to Southern blots by standard methods. 18) The full-length cDNA fragment of OCTase was labeled at [a-32 P]dCTP. Southern hybridizations and autoradiography were done by standard procedures.
18)
Nucleotide sequence accession numbers. The nucleotide sequences in GenBank for the C. hirsutus OCTase genes are D26062 and D26061 for arg1A and arg1B, respectively.
Results
Isolation of monokaryons and auxotrophic mutants C. hirsutus is a species in which the basidiospore is mononucleate, and the parental nuclei do not fuse after mating of two compatible monokaryons but stay in pairs. 19) Monokaryotic strains of C. hirsutus were isolated from germinated basidiospores obtained from a fruit body of the dikaryotic cultures. A random sample of 15 basidiosporous isolates was attributed to four mating-types, six to A1B1, four to A2B2, two to A1B2, and three to A2B1, through all possible parings. Unfused clamps (pseudo-clamps) were observed in 21 pairings out of the total 26 common-B pairings. The fact of the pseudo-clamp formation in a group of parings indicates that the sexuality of C. hirsutus is heterothallic tetrapolarity. Distinct``barrage'' phenomenon in common-B pairing and``‰at'' phenomenon in common-A pairing, which has been reported for S. commune, 20) were absent in C. hirsutus.
Proliˆc asexual spores (oidia) were diŠerentiated at the tips of aerial mycelia, when monokaryons were cultured on the plates of MM supplemented with 1z casamino acids. To obtain auxotrophic mutants, oidia from a sib-monokaryon (OJ1005) were mutagenized by NTG treatment. Fifteen mutants with the property of being a histidine, arginine, leucine, methionine, or adenine auxotroph were found from 30,000 colonies observed. An Arg -auxotroph obtained (OJ1043) was further mutagenized to produce double-auxotrophic mutants would enable to use an alternative selectable marker for transformation. An Arg -, Leu -double-auxotrophic mutant obtained (OJ1065) was characterized to be deˆcient both in OCTase (EC 2.1.3.3) and in 3-IPM dehydrogenase (EC 1.1.1.85) because this mutant grew on MM supplemented with citrulline and 2-ketoisocaproate, but not on that supplemented with citrulline and 3-isopropylmalate nor on that supplemented with ornithine and 2-ketoisocaproate. Since two times of mutagenesis treatments caused a substantial decrease in the mycelial growth rate at 30z comparing with the parental dikaryon on an SMY plate, the double-auxotrophic mutant was crossed with a compatible wild-type sib-monokaryon (OJ1011) to compensate for impaired DNAs apart from the loci of the double-auxotrophic mutations (Arg -, Leu -). After three back crosses, a doubleauxotrophic mutant (OJ1134) was isolated as a suitable recipient strain the mycelial growth rate of which recovered at 90z as fast as the parental dikaryotic strain.
Cloning of cDNA for the OCTase of C. hirsutus Three clones which each hybridized with two oligonucleotide probes were isolated from 200,000 recombinant phages. The size of the cDNA inserts of these three clones are 1.3, 1.1, and 0.4-kbp. Figure 1 shows the nucleotide sequence and putative amino acids sequence of the 1.3-kbp fragment of positive cDNA clone. The clone with the 1.3-kbp cDNA insert contained a complete open reading frame (ORF) of 1,125 nucleotides representing 375 amino acid residues. Putative binding sites for the two substrates, carbamoylphosphate and ornithine, which are well conserved in other organisms, 21) were also observed at the regions from Ser-78 to Arg-82 and from Phe-314 to Pro-319, respectively, in the C. hirsutus enzyme. The amino acid sequence of the C. hirsutus OCTase didn't have high homology with the enzyme from A. nidulans (45.9z), 22) human (43.9z), 23) S. pombe (44.3z), 24) or S. cerevisiae (37.7z). 25) Cloning and characterization of the genomic genes for the OCTase of C. hirsutus A genomic library of dikaryotic C. hirsutus was screened by plaque hybridization with the 32 P-labeled 1.3-kbp cDNA fragment. Four hybridization-positive clones were isolated from 40,000 recombinant phages. One of them, containing a 5.5-kbp Sal I fragment hybridized with a 1.3-kbp cDNA fragment, was subcloned into the Sal I site of pUC18 to construct the plasmid pUCR1A ( Fig. 2A) . To deˆne the minimum functional region of the C. hirsutus OCTase gene, a series of restriction fragments prepared from pUCR1A digests were examined for their ability to complement the OCTase (Arg -) mutation of C. hirsutus. The 2.5-kbp EcoRI-Aat II fragment (arg1A) complemented the Arg -mutation at a high transformation frequency. Similarly, the allelic type of a 6-kbp EcoRI-Sal I fragment (arg1B ) of pUCR1B complemented the Arg -mutation at a high transformation frequency (Fig. 2B) . These results indicate that the two plasmids, pUCR1A and pUCR1B, indeed carry the OCTase genes of C. hirsutus. The C. hirsutus OCTase gene was designated as arg1, that is, theˆrst cloned OCTase gene for basidiomycete fungi. Numerous nucleotide base substitutions were observed between the two genomic sequences. Within the ORFs of the two OCTase genes, 21 out of 22 base substitutions occurred at the third position of the triplet codon, which resulted in no amino acid substitutions. Lys is present at position 237 in pUCR1B, while the substitution AAG for AGG yielded Arg in pUCR1A, suggesting that the two homologous proteins might have similar enzymatic properties. No intron was observed in OCTase genes from other fungi including A. nidulans, 22) S. cerevisiae, 25) and S. pombe. 24) By contrast, each genomic OCTase gene of C. hirsutus contained four introns ranging from 53-bp to 432-bp in size.
Transformation e‹ciency
The concentrations of four main components (protoplast, DNA, calcium, and PEG) that aŠect DNA uptake in protoplasts, were reˆned to obtain maximum transformation e‹ciencies for C. hirsutus. (A) pUCR1A, Sal I 5.5 kbp has been inserted into pUC18. (B) pUCR1B, BamHI-Sal I 7.5 kbp has been inserted into pUC18. It is a possible and necessary region that EcoRI-AatII 2.5 kbp gets arg ＋ transformant at pUCR1A. 
Transformation of Coriolus hirsutus
As for recipient cells, protoplasts prepared from ungerminated oidia were higher in transformation e‹ciency than those from a mycelial source (data not shown). The transformation e‹ciency was almost equal for each with circular plasmid DNA (pUCR1A), linearized plasmid DNA (pUCR1A digested with the endonuclease, XbaI within the multicloning site pUC18), and 5.5-kbp Sal I fragment DNA (Table 1) . A substantial number of transformants was obtained with a reˆned range of 25-75 mM CaCl2 and 25-35z PEG. As little as 0.2-2 mg of arg1 DNA per 10 6 -10 7 total protoplasts was su‹cient for the transformation system of C. hirsutus.
In a series of transformation experiments, we have never recovered an Arg ＋ revertant from the auxotrophic mutants of C. hirsutus. The spontaneous reversion frequency to the Arg ＋ prototroph was less than 10 -7 , since no Arg ＋ colonies were obtained in the absence of the transforming DNA. A large number (60-80z) of the initially observed colonies following transformation were incapable of further growth on subculture. A similar phenomenon has been reported for otherˆlamentous fungi, Neurospora crassa, 26) A. nidulans, 27) Aspergillus oryzae, 28) and Coprinus cinereus.
11) As shown in Table 1 , excluding``abortive'' colonies, the genuine transformation frequency for C. hirsutus resulted in up to 2.0×10 4 transformants per mg of arg1 fragment DNA. Approximately 0.25z of viable protoplasts were stably transformed.
Heterologous transformation
Since the substantial transformation system of C. hirsutus was established with the endogeneous (homologous) auxotrophic gene, foreign (heterologous) auxotrophic gene expression was tried to demonstrate the double-auxotrophic mutant of C. hirsutus. Table 1 shows no Arg ＋ or Leu ＋ transformant were obtained with each transforming plasmid DNA, pSal43 containing A. nidulans argB for OCTase gene, or pKKA1 containing S. pombe leu1, and YEp13 containing S. cerevisiae leu2 for the 3-IPM dehydrogenase gene, while a su‹cient number of transformants was obtained with the control plasmid pUCR1A.
Mitotic stability of the transformants
The stable transformants obtained with pUCR1A (TP1, TP2, and TP3) and with the Sal I 5.5-kbp fragment (TF1, TF2, and TF3) were grown on MM (supplemented with 1z casamino acids) agar plates until oidia formation. The oidia were harvested and plated on SMY agar. The resultant single colonies (120 colonies for each transformant) were transferred onto MM agar supplemented with 500 mg W ml of leucine. No Arg -auxotrophs were observed for each transformant. Therefore, the Arg ＋ phenotype of the transformants has high stability during vegetative growth without maintenance of selective conditions.
Molecular analysis of transformants
To analyze the state of the introduced arg1 gene in transformants, genomic DNAs from six stable transformants (TP1, TP2, TP3, TF1, TF2, and TF3) were digested with Sal I and analyzed by Southern blot hybridization using the full length of cDNA of OCTase. In these transformants, an allelic type of OCTase gene (arg1A) was introduced into the recipient cell (arg1B mutant), which could allow discrimination among the endogeneous allelic type of arg1 genes. The parental wild-type dikaryon contains two allelic types of OCTase genes detected in size of 20-kbp (arg1A) and 9-kbp (arg1B ) Sal I fragments. The 9-kbp Sal I fragment of the recipient monokaryon (OJ1134) corresponds to the arg1B mutant gene. The 5.5-kbp Sal I fragments observed in pUCR1A transformants correspond to the transformed arg1A gene, in which one of the two Sal I sites of the transforming DNA was due to a modiˆca-tion event of the EMBL3 vector site in a cloning process from a Sau3AI genomic library (depicted in Fig. 2 ). Since the recipient strain contains only the 9-kbp Sal I fragment hybridized with the cDNA probe, the presence of several other bands observed in transformants indicated ectopic integration events. As shown in Fig. 3 , the OCTase gene in TP1, TP2, TP3, TF1, TF2, and TF3 could be integrated as a multi-copy. In order to examine whether the plasmid DNA was maintained as an intact plasmid, total DNAs of the transformants were recovered and then were used to transform Escherichia coli JM109; but no transformant of E. coli was observed. This obsevation suggests that the plasmid that was used to transform C. hirsutus was modiˆed or integrated into chromosomal DNA. In the transformants germinated after oidia formation on complete medium, the hybridization patterns were the same as those of transformants before oidia formation. Therefore, multiple copies of integrated arg1A genes were stably inherited through mitosis. This result is consistent with the high stability of the Arg ＋ phenotype during oidia formation.
Discussion
In this paper we described an e‹cient transformation system for the white-rot basidiomycete C. hirsutus. The DNA-mediated transformation systems for white-rot basidiomycetes have been developed for only two species, the transformation frequencies of which were up to 1×10 3 transformants per mg DNA for S. commune, 10, 17) and 3×10 2 transformants per mg DNA for P. chrysosporium. 29) In the transformation system for C. hirsutus, a high transformation frequency of 1×10 4 transformants per mg DNA per 10 7 oidial protoplasts was obtained with the C. hirsutus OCTase gene (arg1). Southern blots showed that the transforming DNA was integrated into chromosomal DNA in multi-copies. The Arg ＋ phenotype of transformants was stably inherited through mitosis.
In Fig. 3 , a 9-kb band from the arg1B gene of the host cells was recognized by Southern blotting. The Sal I 5.5-kb fragment in total DNAs from those transformants in which the plasmid pUCR1A were introduced hybridized except for the transformant of lane 1. The 5.5-kb fragment is considered to be generated by integration at a single recombination site. In lanes 4-6, in which the Sal I 5.5-kb fragment was introduced, over 23-kb DNA bands were hybridized. It may be detected as a 23-kb DNA band, since the recombination was generated at two sites and the restriction enzyme site has disappeared. In addition, since the 9-kb fragment in lane 6 hybridized more strongly than the others shown, homologous recombination may have been generated.
In spite of the reˆned DNA uptake conditions, the double-auxotrophic mutant of C. hirsutus, deˆcient both in OCTase and 3-IPM dehydrogenase, failed to be complemented with the equivalent ascomycete genes A. nidulans argB, S. cerevisiae leu2, and the S. pombe leu1 gene. The C. hirsutus OCTase seemed to be a cytosolic enzyme, since the cloned C. hirsutus arg1 gene had no mitochondria transfer signal in the NH2-terminal region. Nevertheless, the diŠerence of the OCTase localization does not appear to be the reason for the failure of C. hirsutus Arg ＋ transformants to appear with the A. nidulans argB, since the A. nidulans argB gene coding for mitochondrially located OCTase was successfully cloned by complementation of a S. cerevisiae arg3 mutant, deˆcient in cytosolic OCTase. 30) Hitherto, it has been reported that two other basidiomycete genes, the S. commune ade5 and the Coprinus cinereus acu7, could complement equivalent ascomycete mutants, an ade2 mutant of N. crassa 12) and an acuD mutant of A. nidulans, 31) respectively. On the contrary, Casselton and de la Fuente Herce 32) reported that various A. nidulans genes, including acuD and trpC, were unable to complement the equivalent mutants of C. cinereus. Including our result, a few heterologous expression studies suggest that the cross-expression of ascomycete and basidiomycete genes appears to be preferentially successful only one-way, in which ascomycete auxotrophic mutations could be complemented with basidiomycete genes. This supposition requires further testing in other genes and hosts to conˆrm its validity.
In this study we should also point out the life cycle of C. hirsutus. Previously, the sexuality of C. hirsutus has been reported to be heterothallic bipolarity. 33) However, our result of the pairing test suggests that C. hirsutus possesses heterothallic tetrapolarity.
Finally, the development of this C. hirsutus transformation system should open the way to overproduction of the ligninolytic enzymes introducing their genes into their own host at an increased gene dosage level with a powerful promoter such as the phenoloxidase gene.
